Localization of a spin-1/2 fermion on the braneworld is an important and interesting problem. It is well known that a five-dimensional free massless fermion Ψ minimally coupled to gravity cannot be localized on the Randall-Sundrum braneworld. In order to trap such a fermion, the coupling between the fermion and bulk scalar fields should be introduced. In this paper, localization and quasilocalization of a bulk fermion on the thick braneworld generated by two scalar fields (a kink scalar φ and a dilaton scalar π) are investigated. Two types of couplings between the fermion and two scalars are considered. One coupling is the usual Yukawa coupling −ηΨφΨ between the fermion and kink scalar, another one is λΨΓ M ∂ M πγ 5 Ψ between the fermion and dilaton scalar.
I. INTRODUCTION
The braneworld scenarios that our observed four-dimensional Universe can be considered as a brane embedded in a higher-dimensional space-time, can supply new insights for solving the gauge hierarchy problem [1, 2] and the cosmological constant problem [3] [4] [5] . The effective four-dimensional gravity could be recovered even in the case of non-compact extra dimensions in the Randall-Sundrum (RS) braneworld model [6] , where singularities are present at the position of the branes. The smooth braneworld solutions (thick brane scenario or domain wall scenario) are generally based on gravity coupled to one or several bulk scalar fields. For some comprehensive reviews about thick branes, please see Refs. [7] [8] [9] [10] [11] [12] .
In braneworld scenarios, an interesting and important problem is whether various bulk fields can be confined to the brane by a natural mechanism. Generally, a free massless scalar field [13] can be localized on branes of different types. A free vector field can be localized on the Randall-Sundrum brane in some higher-dimensional cases [14] or on some thick de-Sitter (dS) branes and Weyl thick branes [15, 16] .
Since the particles in our world are described by fermions, localization of a bulk fermion is very important for any braneworld model . In general, if one does not introduce the coupling between the fermion and scalars which generate the thick braneworlds, a bulk fermion does not have a normalizable zero mode in five dimensions. So in order to localize a bulk fermion, the scalar-fermion coupling should be introduced. Usually, the Yukawa coupling −ηΨφΨ is a natural choice when the scalar has the configuration of a kink (i.e., φ is an odd function of the extra dimensional coordinate). However, if the background scalar has the shape of lump (or an even function of the extra dimensional coordinate, see Refs.
[ [43] [44] [45] [46] [47] [48] ), the Yukawa coupling cannot keep the Z 2 reflection symmetry of Lagrange and hence this localization mechanism does not work anymore. Recently, Liu et al. presented a new localization mechanism of a bulk fermion on braneworlds generated by such a scalar with even parity [38] . The scalar-fermion coupling is given by λΨΓ M ∂ M πγ 5 Ψ, which ensures not only the Z 2 reflection symmetry of the Lagrange but also localization of the left-or right-chiral fermion zero mode on the branes.
In this paper, we will explore localization of a spin-1/2 fermion Ψ on the Minkowski brane generated by two scalar fields (a kink scalar field φ with odd parity and a dilaton scalar field π with even parity). We introduce both two types of couplings between the fermion and scalars: one is usual Yukawa coupling −ηΨφΨ between the fermion and kink scalar, anther is the coupling λΨΓ M ∂ M πγ 5 Ψ between the fermion and dilaton scalar. If only introducing the Yukawa coupling, the effective potentials of the left-and right-chiral fermion Kaluza-Klein (KK) modes in the corresponding Schrödinger equations are modified volcanotype potentials. And the left-and right-chiral fermion zero modes tend to a constant and infinity respectively, when far away from the brane. So none of the two zero modes cannot be localized on the brane. If only introducing the second coupling, the effective potentials of the KK modes are modified Pöschl-Teller potentials, which lead to localization of the leftor right-chiral fermion zero mode as well as to a mass gaps in the mass spectra. When both two couplings are considered, the potentials will have a barrier at each side of the brane, and tend to a positive constant when far away from the brane. Then one of the left-and right-chiral fermions zero modes can be localized on the brane, and there exists a mass gap in the mass spectra of the fermion KK modes. Then the massive bound and/or resonant KK modes can be localized and/or quasilocalized on the brane.
The organization of this paper is as follows: In Sec. II, we first review the Minkowski thick brane generated by two scalar fields. Then, in Sec. III, we investigate localization and quasilocalization of a spin-1/2 fermion field on this thick brane by introducing two kinds of scalar-fermion couplings. Finally, our conclusion is given in Sec. IV together with some discussion on the presented material.
II. REVIEW OF THE MINKOWSKI THICK BRANEWORLD GENERATED BY TWO SCALAR FIELDS
In this paper, we consider a Minkowski brane generated by two interacting scalar fields φ and π, embedded in a five-dimensional spacetime. The action of such a system is
where R is the five-dimensional scalar curvature and κ 2 5 = 8πG 5 with G 5 the five-dimensional Newton constant. For simplicity, the constant κ 5 is set to κ 5 = 1. The line-element of the Minkowski brane is assumed as
which can also be transformed to the conformally flat one
by introducing the coordinate transformation dz = e −A(y) dy. Here e 2A is the warp factor and η µν is the metric of four-dimensional Minkowski spacetime on the brane. y or z denotes the extra dimensional coordinate. The background scalar fields φ and π are assumed to be only the functions of the extra dimensional coordinate.
By considering the metric (3), the equations of motion generated from action (1) read as
where the prime denotes the derivative with respect to z. The solutions of the thick brane can be found by following the superpotential method [49] . By supposing V (φ, π) = 
where v and a are positive constants. It can be seen that the solution for φ is a kink and π is the dilaton field, which are odd and even functions of the extra dimensional coordinate z, respectively. The energy density of the thick brane is written as follows
From the above expression (12), we can see that the energy density has a maximum value Minkowski brane locates at z = 0. Localization of gravity, scalar, vector, and Kalb-Ramond fields was investigated in previous papers [45, 46] . So in the next section, localization of a spin-1/2 fermion with two types of couplings between the fermion and background scalar fields will be discussed.
III. LOCALIZATION OF A BULK FERMION ON THE BRANE
In this section, we will investigate localization of a bulk spin-1/2 fermion on the brane generated by the scalar fields. In five-dimensional spacetime, fermions are fourcomponent spinors and their Dirac structure can be described by Γ M = e MM ΓM with e Our action describing a massless Dirac fermion coupled with the background scalars φ and π in five-dimensional space-time is assumed as follows
Here ω M is the spin connection defined as ω M = Considering the conformally flat metric (3), the non-vanishing components of the spin
Thus, the equation of motion corresponding to the action (13) can be written as
In order to investigate the above five-dimensional Dirac equation (14) and write the spinor in terms of four-dimensional effective fields, we make the general chiral decomposition:
where ψ Ln (x) = −γ 5 ψ Ln (x) and ψ Rn (x) = γ 5 ψ Rn (x) are the left-and right-chiral components of a four-dimensional Dirac field, respectively. Hence, we assume that ψ Ln (x) and ψ Rn (x) satisfy the four-dimensional Dirac equations
Then the KK modes L n (z) and R n (z) should satisfy the following coupled equations:
The above coupled equations can be recast into
where the operator Q is defined as
According to the supersymmetric quantum mechanics, there are no tachyon fermion KK modes with negative mass square m 2 n . The above equations (18) can also be rewritten as the following Schrödinger-like equations for the left-and right-chiral KK modes of fermions:
where the effective potentials are given by
For the purpose of getting the standard four-dimensional action for a massless chiral fermion and a series of massive fermions
the following orthonormalization conditions for L n and R n are needed:
By setting m n = 0 in Eqs. (17), we can obtain the left-and right-chiral KK fermion zero
It is impossible to make both massless left-and right-chiral KK fermion modes to be localized on the brane at the same time, since when one is normalizable, the other one is not.
From Eqs. (19) and (20), it is clear that, if we do not introduce the coupling term in the action (13), i.e., η = 0 and λ = 0, the effective potentials for left-and right-chiral KK modes V L,R (z) will vanish and both left-and right-chiral fermions cannot be localized on the thick brane. Moreover, if we demand V L (z) and V R (z) to be Z 2 -even with respect to the extra dimension z, then the coupling functions f (φ, π) and g(φ, π) must be odd and even functions of z, respectively. The simplest choice is that f (φ, π) = φ and g(φ, π) = π, since the kink scalar field φ and dilaton field π are odd and even function of z. In this paper, we want to compare the effect of localization of a bulk fermion with two types of couplings.
By considering the solution of the Minkowski brane (8), (9) and (10), the effective potentials (20) can be expressed as follows
Here we need to analyze the behavior of the potentials near z = 0 and as z → ±∞, respectively. From the above expressions (26) and (27) , it is easy to obtain
and
Since the parameters a, v, η, and λ are all positive, V ′′ L (z = 0) > 0 and V L (z) has a local minimum value at z = 0. As z → ±∞, the both potentials tend to a constant
The shapes of the effective potentials for the left-and right-chiral fermions are plotted in
Figs. 1 and 2.
It is clear that, with the positive coupling coefficients η and λ, only the potential for leftchiral fermion KK modes has negative part around z = 0. So only the left-chiral fermion zero mode may be localized on the brane. The expression of the zero mode can be written
where C L is a constant. Here the explicit analytic expression of the left-chiral fermion zero mode cannot be obtained. However, from the asymptotic behavior of the warp factor A(z), kink scalar field φ(z), and dilaton scalar field π(z) as z → ±∞, the asymptotic behavior of the zero mode can be analyzed:
Then we can conclude from the above expression that, the zero mode of left-chiral fermion tends to a constant C L e Next, the effect of the two types of couplings between the fermion and scalar fields for localization of the fermion KK modes will be investigated. From Fig. 1 , we can see that, when λ > 0 and η = 0, the potentials V L,R (z) become the Pöschl-Teller potentials, and the bound states may exist, i.e., the KK modes can be localized on the brane. When λ > 0 and η > 0, there are two symmetrical potential barriers at both sides of the origin of the extra dimension, and they increase with the coupling coefficient η. 
is the maximum value of V L,R ), which indicates that the KK modes are quasilocalized on the brane. The bound states tend to zero when far away from the brane along the extra dimension, and they can be normalized.
However, the resonant states tend to plane waves when far away from the brane, and cannot be normalized. As in Ref. [28] , the relative probability function of a resonance on the thick brane is defined as follows
where 2z b is about the width of the thick brane, and z max is set to z max = 10z b . It is clear that when m 2 ≫ V max L,R , the fermion KK modes are approximately taken as plane waves and the value of P L,R (m 2 ) will tend to 1/10. As in Ref. [50] , the lifetime τ is estimated to τ ∼ Γ −1 , with Γ = δm being the full width at half maximum of the peak.
Equations (19) can be solved by numerical method, and we will set the coupling coeffi- However, for the right-chiral fermion KK modes, the first massive KK mode has even parity and the second one has odd parity. This is held for any n-th fermion KK mode, namely, the parities of the n-th left-and right-chiral KK modes are opposite. In fact, this conclusion is Tables II and III, since the result of the right-chiral fermion KK modes is the same except the zero mode. From Tables I, II , and III, it can be concluded that for the same coupling coefficient λ, with the 
